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ABSTRACT

We measure the spectrum and efficiency of the infrared light emission from ambipolar carbon nanotube field-effect transistors. The width of
the emission peak is strongly device-structure dependent. Long devices (∼50 µm) show narrow spectral peaks that we attribute to relaxed
carrier recombination, while short devices (∼500 nm) show broad peaks due to hot carrier recombination. The hot carrier distribution is
limited to energies below the energies of the optical/zone boundary phonons near 180 meV. The efficiency of the radiative recombination is
between 10-6 and 10-7 photons/electron−hole pair, and the possible quenching mechanisms are discussed.

Carbon nanotubes (CNT) are one-dimensional systems that
make excellent candidates for future nanoelectronic applica-
tions.1,2 CNTs are also direct gap materials and as such may
find applications in nanophotonics.3,4 Recently we demon-
strated electrically induced optical emission from a single
carbon nanotube acting as the channel of an ambipolar field-
effect transistor (FET).3 Schottky barriers at the metal
contacts allow electron injection at one terminal and hole
injection at the other.5-7 The carriers can then recombine
radiatively or nonradiatively in the carbon nanotube. Here
we present the spectral distribution of the emitted infrared
light. We determine the carrier energy distribution in the
carbon nanotube and the efficiency of the radiative recom-
bination process.

Laser ablation grown ambipolar CNT-FETs with channel
lengths on the order of 500 nm were fabricated with titanium-
carbide contacts as described in ref 5. The devices are
covered with a low-temperature silicon-oxide (LTO) and
annealed at 800°C to drive out any oxygen from the contact
region. This makes the band-lineup roughly mid-gap and the
devices ambipolar.5,8 CVD-grown CNT-FETs with channel
lengths varying between 400 nm and 80µm were contacted
by palladium without post-processing. The band lineup in
these devices is closer to the valence band,9 but electron
injection is also possible and the devices show ambipolar

behavior. Infrared emission from the CNT-FET was detected
by a liquid nitrogen cooled HgCdTe detector array, mounted
on top of the camera port of an optical microscope. Spectra
were obtained using optical band-pass filters with spectral
widths between 40 and 90 nm.

Figure 1a shows a schematic of the device. Electrons and
holes are injected from opposite contacts and recombine in
the CNT. Figure 1b illustrates the band bending in the carbon
nanotube for a gate voltage between the voltages at source
and drain. AtVg ) 1/2 Vd, we expect equal electron and
hole currents to tunnel from opposite contacts through the
thin Schottky barriers into the CNT.6 The assumption of
equal number of electrons and holes atVg ) 1/2Vd is strictly
valid for a symmetric device with mid-gap band lineup such
as our laser-ablation grown nanotube devices. Longer devices
such as the CVD tubes are more likely to be affected by
hysteretic effects10,11 that will lead to deviations from the
above condition. To reduce the stress on the devices during
the measurements, the drain voltageVd is ramped between
0 V and Vd,max∼ -10 V on a time-scale of 5 s, while the
gate voltage is set to a value aroundVg ) 1/2Vd,max. Typical
transport currents under these conditions are between 1 and
5µA. Figure 1c shows the band structure for a (11,9)
nanotube with characteristic 1-dimensional van-Hove singu-
larities. Under the above biasing conditions, electrons are
present in the conduction bandandholes populate the valence
band. The recombining electrons and holes produce the
observed electroluminescence. Figure 1d shows an IR image
of an actual device under external illumination. Probes
(marked S and D) are touching large contact pads with
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electrodes leading to the carbon nanotube (marked with an
arrow). Figure 1e shows the same sample area in the dark
with the device biased as described above. IR emission is
observed at the position of the carbon nanotube.

Figure 2 shows the IR emission spectra of three different
CNT-FETs. The low-energy emission onsets are at 0.58 eV
(9 andb) and 0.69 eV (2). A comparison with fluorescence
experiments suggests nanotube diameters of 1.8 and 1.5 nm.12

Laser ablation grown nanotubes have a broad diameter
distribution, centered around 1.4 nm. In our measurements,
however, we are biased toward the larger-diameter tubes with
small band-gaps, because we need to inject both electrons
and holes at the same time and at a high rate to see
electroluminescence. The inferred diameter for the CVD tube
(9, 1.8 nm) is in good agreement with expected CVD tube
diameters.

We now turn to the widths of the spectral peaks. Recent
photoluminescence measurements on SWNTs dispersed in
micelles showed peaks with fwhm∼ 25 meV.13-15 In
contrast, the electroluminescence line shapes are strongly
device structure dependent. The green spectrum (9) was
obtained from a 50µm long CNT-FET, while the red and

blue spectra (b and2) were measured on∼500 nm short
devices. Long-channel devices show narrow peaks, while
short-channel devices show broad and asymmetric peaks. We
note that the emission from the long-channel device (9) is
intrinsically even narrower, since the finite filter widths of
our detection system (horizontal error bars) become com-
parable to the intrinsic width. The intrinsic width is close to
what is observed in photoluminescence∼25 meV. Short-
channel devices, on the other hand, have widths (fwhm)
∼150 meV, after taking into account the spectral resolution
of our measurement system. We confirmed that the widths
of the emission peaks do not depend on the specific growth
process (CVD or laser ablation) or sample preparation
method (with or without LTO capping).

To evaluate the spectra, we consider the carrier thermal-
ization processes in photo- and electroluminescence. High
field transport measurements involving metallic nanotubes
of varying lengths16,17 suggest phonon scattering times of
τop ≈ 20 fs for optical (or zone-boundary) phonons and
τac≈ 400 fs for acoustical phonons. We compare these values
to estimated carrier transit times of aroundτshort-chan ) 600
fs in short CNTs,τlong-chan ) 60 ps in long CNTs, and to
reported photoluminescence lifetimesτphotolum≈ 1-10 ps.18

Photoluminescence occurs from fully vibrationally relaxed
states leading to narrow emission spectra. In long CNTs,
electroluminescence should also involve relaxed carriers
since the transit times are long compared to all the relaxation
processes. In short CNTs, however, the transit time does not
permit the thermalization of the injected carrier distribution
below the energy of the optical/zone boundary phonons
(∼180 meV) because acoustic phonon scattering is too slow.
The short-tube electroluminescence spectra are thus particu-
larly interesting since they probe the distribution function
of hot electrons on the femtosecond time scale.

To calculate the optical properties, we evaluate the
imaginary part of the dielectric function for light polarized

Figure 1. (A) Schematic of the device. The CNT is contacted with
source and drain electrodes. Degenerately doped silicon separated
from the tube by a 100 nm thick SiO2 layer is used as a backgate.
Electrons that are injected at the drain and holes that are injected
at the source recombine radiatively in the carbon nanotube. (B)
Schematic of the band bending in the CNT atVg ) 1/2 Vd. The
device behaves ambipolar with electron injection at the drain D
and hole injection at the source S. (C) Density of states for a typical
semiconducting nanotube. (D) IR image of the device with external
illumination. Probes touching the source S and drain D pads and
the connections leading to the CNTFET are visible. An arrow marks
the position of the nanotube. (E) IR light emission aroundλ )
1600 nm from the same device biased withVd ) -11V andVg )
-5.5 V.

Figure 2. Emission spectra of three CNT-FETs: device9 (green)
is a 50µm long tube; devicesb (red) and2 (blue) are∼ 500 nm
short tubes. Biasing conditions: device9 (CVD), drain) -20 V,
gate) -10 V, I ) 3.5µA; deviceb (laser ablation), drain) 5 V,
gate) 2.5 V, I ) 5 µA; device2 (laser ablation), drain) -11 V,
gate) -5.5 V, I ) 900 nA).
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along the nanotube axis:

wherePcν(k) and∆k are the dipole matrix element and the
band gap, calculated in the tight-binding model Hamiltonian
approximation.19 The dipole matrix elementPcν(k) is pro-
portional to the momentum (k) derivative of the tight-binding
Hamiltonian ink-space,20 such that it’s magnitude is pro-
portional to a hopping matrix element (t ) 3.0 eV) and the
C-C bond length (a ) 1.44 Å). Figure 3a shows the
experimental data of the short-channel devices alongside the
calculated optical conductivityσ(E) ) (ω/4π)ε2 (solid curve),
which is dominated by the characteristic 1D Van-Hove
singularities. We extract the carrier distributionsn(E) and
p(E) for electrons and holes in Figure 3b from the experi-
mental dataf(E′) and the calculated optical conductivity
σ(E′) (Figure 3a) in the following way:

We assume equal occupancy of states for electrons and holes,
i.e., n(E) ) p(-Egap - E), which is reasonable in the case

of ambipolar CNT-FETs atVgate ) Vdrain/2 where electron
and hole currents are matched.6 The distributions for the two
devices are very similar with low occupancy at the band
edges, a broad peak at 75 meV, and no measurable
occupation of states above∼180 meV. To our knowledge,
this is the first measurement of the hot carrier distribution
in a CNT-FET. The energies of the optical/zone boundary
phonons in CNTs are around∼180 meV, explaining the
cutoff in the carrier distribution. A partial thermalization of
carriers with energies<180 meV through acoustic phonon
scattering is consistent with the broad maximum at 75 meV.

We now address the question of the efficiency of the
radiative e-h recombination. For this purpose we measured
the emitted light from the CNT-FET by integrating over the
emission spectrum. We assumed equal electron and hole
injected currents6 and calibrated our detector and IR collec-
tion optics against emission from a known blackbody emitter.
We thus obtained electroluminescence efficiencies around
ηel-lum ∼10-6 photons per injected e-h pair for laser ablation
grown nanotubes andηel-lum ∼10-7 for CVD grown nano-
tubes. In nanotubes with small band gaps, such as most CVD
tubes, nonradiative recombination through multiple phonon
emission is faster, leading to a reduced efficiency of the
radiative recombination process. We note that in long devices
most injected carriers recombine (radiatively or nonradia-
tively) in the nanotube channel because recombination times
are short compared to transit times. In short devices, however,
this is not the case, and a fraction of the injected carriers
can reach the opposite contacts without recombination.

Recent measurements of the efficiency in photolumines-
cence ηphotolum for nanotubes in micelles yielded values
between 10-3 and 10-5.13,15 The electroluminescence yield
should be reduced because, in the absence of phonon
participation, radiative recombination is possible only when
the sum of the momenta of the electron and hole is zero.
Phonon-assisted light emission processes allow electron-
hole radiative recombination with a nonzero e-h momentum
conserved by an emitted or absorbed phonon. This process
should be especially important for hot-carrier recombination
in short devices. We also note that only a quarter of the e-h
collisions statistically would have the correct spin to give a
radiative singlet state. Due to the presence of multiple
carriers, Auger processes might further reduce the radiative
efficiency. It is worth noting, however, that the photolumi-
nescence from CNTs was found to be unobservable21 for
CNTs in direct contact with a silicon-oxide substrate (as in
our case), so a significant enhancement of the electrolumi-
nescence yield might be possible by using suspended
nanotube structures.

In conclusion, we have measured the spectrum and the
efficiency of infrared emission from ambipolar carbon
nanotube field-effect transistors. In long-channel devices the
carriers thermalize before recombining and the spectra are
narrow, whereas in short-channel devices we observe hot-
carrier recombination with broad spectra. The extracted
carrier distributions are explained in terms of phonon
scattering, and we find that optical phonon scattering is
effective in all devices, while acoustic phonon scattering,

Figure 3. (A) Experimental spectra of the short-channel devices
in Figure 2 and tight-binding calculations of the optical conductivity
eq 1 for nanotubes with band gap 0.58 and 0.69 eV (-). (B) Hot
carrier distribution in the two carbon nanotubes.
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that can fully relax the carriers, is only effective in long-
channel devices. The efficiency of the radiative recombina-
tion is between 10-6 and 10-7 photons/electron-hole pair,
but a substantial increase might be possible in suspended
structures.
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